ABSTRACT: We are developing a silicon microstrip-array detector, which is operated in photoncounting mode, for line-scanned digital mammography. To enhance the x-ray interaction efficiency, the x-ray beam is oriented toward the edge of microstrips, known as the edge-on geometry. To predict the fundamental signal and noise performances induced by x-ray interactions, we performed Monte Carlo simulations. Absorbed energy distribtuions were obtained for various tilting angles (5 to 85 degrees) in the edge-on detector geometry for a wide range of incident energies from 1 to 50 keV. Based on the energy-moments theory with the obtained absorbed energy distributions, we estimated various physical performance parameters such as the quantum absorption efficiency, the average energy deposition per interaction, and the Swank noise factor. In addition, relative accuracy and imprecision in photon-energy measurements were estimated. These analyses were extended to the typical poly-energetic mammography x-ray spectra from various target materials 1
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Introduction
Compared with conventional energy-integrating detectors, photon-counting detectors would be more attractive for medical imaging because of their potential for low-dose imaging by suppressing additive electronic noise [1] . Realization of photon-counting detectors to large areas is however the bottleneck for clinical applications because of complexity in analogue/digital signal-processing circuitries within each pixel as well as limited availability of large-area sensor material. Scanning approach with one-dimensional linear-array detectors is an alternative to standard designs and silicon (Si) microstrip linear-array detectors have already been adapted for the multi-slit-scanned digital mammography in clinic [2] . Since the silicon has a relatively low atomic number and physical density, the edge-on geometry is used to enlarge path-length in a microstrip through which x-ray photons travel, hence maximizing x-ray interaction efficiency. It is noted that the introduction of some degrees of tilting angle to the edge-on geometry is inevitable due to the front dead zones in the microstrip for x-ray interactions.
In typical x-ray imaging detector systems, useful diagnostic information is extracted form the first stage of the imaging process (i.e. the detection of individual x-ray photon). Subsequent stages of the imaging process can only lead to irrecoverable loss of information. Therefore, the core component in x-ray imaging detector systems to obtain high-quality images is the x-ray converter which is located at the first x-ray detection stage. Except for quantum efficiency, there has not been sufficient attention paid to the analysis of fundamental signal-to-noise performances, which are mainly responsible for the final image quality, induced by x-ray interactions in silicon microstrip detectors.
In this study, using the Monte Carlo method and the energy-moments theory, we have investigated the signal-to-noise-related physical parameters of the edge-on Si microstrip detector for mammography, such as the quantum absorption efficiency (α), the average energy absorption per interacting x-ray photon (β ), and the Swank noise factor (I). The relative accuracy and imprecision in photon-energy measurements are also estimated.
Theoretical background
It is convenient to describe the energy response of a detector in terms of its response function or the absorbed energy distribution (AED), A(ε, E), which describes the probability that an incident photon having energy E interacts in the detector and deposits energy ε [3, 4] . The j-th energy moment of A(ε, E) is therefore
Based on this expression, we can describe several physical quantities important in estimating the signal and noise performances of the detector as follows:
where α(E), β (E) and I(E) represent the energy-dependent quantum efficiency, average energy absorption per interaction, and Swank noise, respectively. Denotingε and σ ε as the average energy absorption and its variance, the relative accuracȳ 5) and the relative imprecision
were derived in a previous study [4] . This mono-energetic analysis can easily be extended to spectral analysis by weighting the energy-dependent moments by an incident spectrum N(E):
As explained in detail in [4] , the Swank factor will play an important role in a photon-counting detector operated in energy-resolving mode. High Swank noise will prevent a precise reconstruction of the energy deposited by each x-ray in the detector. Inter-pixel communication such as the architecture proposed for Medipix3 chip [5] may overcome this limitation. However, in most applications, photon-counting detectors such as the edge-on strip detector modelled in this study are used in energy threshold discrimination mode. In this operation mode, high Swank noise will also degrade image quality since it will lead to multiple counts or count loss in the detector, depending on the threshold energy compared to the x-ray energy. For both energy-resolving and energy threshold discrimination modes, the relation between detective quantum efficiency (DQE) and Swank noise factor is complex and cannot be modelled by the standard formula used for energy integrating detectors [3] . For the energy discrimination mode, the DQE approach based on the concept of count multiplicity introduced by Michel et al. [6] takes into account the presence of multiple counts in the image, which results from the presence of Swank noise and charge-sharing effects in the detector.
Monte Carlo simulation
Based on our developing silicon microstrip detector system for the line-scanned mammography, the detector is simply modeled for the Monte Carlo simulation as illustrated in figure 1 . The effective pixel size is defined by the width of a microstrip a x and the opening width of the collimator in y direction a y . Although the thickness of microstrip is t, the effective thickness for x-ray interaction is dependent on the tilting angle θ such that t eff = t/ sin θ . The physical dimensions of our detector are: a x = a y = 0.095 mm; t = 0.5 mm; and l = 10 mm. Although the nominal tilting angle is 5 degrees, which is the minimum angle we can achieve in our developing detector to avoid the dead-zone effect, the Monte Carlo simulation accounts for a wide range of angles up to 85 degrees. The AED was determined by virtual pulse-height spectroscopy using the Monte Carlo NParticle transport code (MCNP version 5, RSICC, Oak Ridge, TN, USA) to simulate the coupled photon-electron transport within the silicon microstrip detector for mono-energetic photon incidence. Two different source samplings in the Monte Carlo simulation were employed: (1) pointlike photon beam normally incident on the collimator plane at the center point of an effective pixel defined by a x × a y located at the center of the linear array and (2) rectangular beam having a size of a x × a y . We considered interacting photon energies in the range of 1-50 keV with 1-keV energy bins and 10 8 photons per simulation. We then calculated the physical quantities using the expressions shown in section 2. In addition, three representative mammographic spectra, Mo/Mo, Rh/Rh and W/Al, which are compliant with IEC 62220-1-2 [7] , were considered for the spectral analysis on the physical quantities under investigation. Figure 2 (a) represents A(ε, E) in a three-dimensional plot and figure 2(b) in a matrix form when the tilting angle is 5 degrees. Unique peak around 8 keV was observed in the pulse-height distributions for E > 10 keV. This peak is due to the absorption of fluorescence x-ray photons, which are emitted from the backside copper electrodes, in the silicon layer. It should be stressed that A(ε, E) plotted in figure 2(a) is the probability that an incident photon having energy E interacts in the detector and deposits an energy ε. Therefore each steep vertical line at the end of the energy range corresponds to the probability of full-energy absorption, resulting from photoelectric interaction or Compton interaction with re-absorption of Compton-scattered photons in the silicon strip. More detail concerning the physical interpretation of the AED can be found in ref. [4] .
Mono-energetic beam analyses of the signal and noise performances induced by x-ray interactions in the Si microstrip detector are summarized in figure 3 . Each physical quantity defined in section 2 is plotted as a function of the incident photon energy with respect to various tilting angles. As we expected, the quantum efficiency decreases with increasing photon energy. As the tilting angle increases, the trend of quantum-efficiency plot as a function of incident photon energy is largely leveled off up to θ = 45 degress and then saturates. This dependence of quantum efficiency on the tilting angle can be explained by the effective thickness for x-ray interaction as shown in figure 1(c) . It should be noted that the quantum efficiency obtained from the Monte Carlo simulations was verified with the simple calculations based on the Beer-Lambert law, and the agreement was excellent.
The average energy absorption per x-ray interaction, as plotted in figure 3(b) , follows the incident energy up to E =∼20 keV, and then decreases gradually relatively to the incident energy because of the loss of energy deposition due mostly to the escape of the Compton-scattered photons. It should be stressed that the geometry of the detector, consisting of "edge-on illuminated" silicon strips, leads to a high probability for Compton-scattered photons to escape from a strip or to interact in neighbouring strips. This is similar to the situation of "small" detectors in x-ray spectroscopy where a Compton continuum is added to the x-ray energy spectrum at the left of the photopeak. This effect results in a reduction of the average energy absorption per x-ray interaction when photoelectric effect stops being predominant (i.e. for x-ray energy above 20 keV in silicon). This observation implies that we cannot measure the incident photon energies greater than 20 keV correctly with the developmental detector. Since β is a monotonic increasing function for E, however, we may estimate the incident energy using the β (E) curves. However, the slow-rise of the β (E) curves above 30 keV is likely to make the correction inaccurate since the x-ray energy measurement will also be affected by electronic noise in the readout chain. It is noted that β (E) is almost independent on the tilting angle.
For energies greater than about 15 keV, the Swank noise factor gradually decreases as the photon energy increases, and the Swank factor approaches about 0.65 at E = 50 keV. The dependence on the tilting angle is negligible.
The relative accuracy in the energy measurements gradually decreases with increasing energy, while the imprecision increases, as shown in figure 3(d) and (e) respectively. Their dependencies on the tilting angle are almost negligible. These observations can be predicted by the average energy absorption and the Swank factor as shown in eqs. (2.6) and (2.7). The "cross" symbols in figure 3 present the simulation results for the illumination with a rectangular beam shape, when the tilting angle is 5 degrees. The results are slightly less than those for the point-like beam incidence, which can be explained by the energy loss at a given pixel due to the escape of Compton-scattered photons to neighboring pixels.
Analyses of the signal and noise performances for three different mammography spectra are summarized in figure 4 . The results can be interpreted in similar ways as described above. The quantum efficiency is sensitive to the tilting angle, while other quantities investigated in this study are almost insensitive. From the results, the Rh spectrum produces the best signal and noise performances induced by x-ray interactions for our developmental detector. The Swank noise factor is close to unity for the three spectra but the quantum efficiency is slightly higher for the Rh spectrum. 
Conclusion
We have investigated the signal and noise performances induced by x-ray interactions in our developmental silicon microstrip detector for line-scanned mammography. The quantum efficiency was sensitive to the tilting angle of the detector operated in edge-on geometry, while other quantities, such as the average energy absorption per interaction, the Swank noise factor, the relative accuracy and imprecision in the energy measurements were independent of the tilting angle. It was observed that, to perform energy-resolved imaging with the developmental detector, a correction procedure should be applied especially for energies greater than 20 keV, and the average energy absorption curves could be utilized for correction. It was estimated that we could achieve the best signal and noise performances for the Rh spectrum compared to Mo and W mammography spectra. This study suggests an upper limit of the signal and noise performances which we can achieve with the silicon microstrip detector. The actual signal and noise performances in images would be unfavorably compromised due to further image degradation stages, such as charge sharing, noise aliasing and others.
